Introduction
In our review of picornavirus proteinases (Ryan & Flint, 1997) we referred to these viruses as ' the exemplars ' of the polyprotein strategy. This was meant in the sense that all of the virus proteins are encoded in a single, long, open reading frame (ORF) and all of the processing events (as are currently understood) are mediated by virus proteinases, or by virusspecific proteins if not proteinases sensu stricto. Viruses within the Flaviviridae (the flavi-, pesti-and hepatitis C viruses) also encode all of their proteins in a single, long ORF (ranging between " 3400 to " 4000 codons) with a polyprotein architecture similar to that of the picornaviruses -the structural proteins in the N-terminal portion of the polyprotein whilst the replicative (non-structural or NS) proteins constitute the remainder ( Fig. 1 ; reviewed by Chambers et al., 1990 a) . The Flaviviridae are enveloped viruses that use host-cell proteinases (signalases) to process at multiple sites both in the structural protein precursor and at some sites in non-structural protein precursors whilst the remainder of the cleavages are mediated by a virus-encoded proteinase (NS3 protein ; Fig. 1 ). Unlike the picornaviruses, therefore, polyproteins of viruses within the Flaviviridae are processed by a combination of host and virus proteinases (reviewed by Rice & Strauss, 1990 ; Dougherty & Semler, 1993) .
The classical test for polyprotein processing in cis (intramolecular) or in trans (intermolecular) is to observe the effect of dilution on the polyprotein cleavages which occur during translation in vitro. Data from these types of experiment on various members of the Flaviviridae suggested that polyprotein processing was a highly regulated process ; (i) processing occurred by a combination of proteolytic events both in cis and in trans, (ii) the proteolytic activity of the N-terminal domain of NS3 could be modified by the presence of other virus proteins and (iii) processing occurred in an ordered fashion (Preugschat et al., 1990 Chambers et al., 1990 b ; Falgout et al., 1991 ; . Furthermore, the order of cleavages could be altered by site-directed mutagenesis of the substrate binding pocket of the proteinase . The controlled biogenesis of proteins is achieved, Author for correspondence : Martin Ryan.
Fax j44 1334 463400. e-mail martin.ryan!st-and.ac.uk therefore, either by the polyprotein folding to ' oblige ' certain enzyme-substrate interactions (cleavages in cis), by normal enzyme-substrate binding considerations (rates of cleavage of different sites in trans) or by biochemical regulation of the enzymes' activity (cofactors).
Descriptions of the active sites of the major classes of proteinases were given previously (Ryan & Flint, 1997, and references therein) . One purpose of these reviews is to provide sequence alignments to enable extrapolation of the structural data determined for one proteinase to other similar enzymes within the group. Due to the large number of sequences available for the NS3 proteinases, however, it is not practicable to present alignments including all sequences. Full sequence alignments are available by e-mail (martin.ryan!st-and.ac.uk) or by anonymous FTP from ftp.st-and.ac.uk\info\ftp\-pub\mdr1 (together with updated picornavirus super-group proteinase alignments).
NS3 Proteinase (i) Identification of the NS3 proteolytic domain
Analysis of sequence alignments predicted the existence of a trypsin-like serine proteinase domain within the N-terminal region of the flavi-and pestivirus NS3 protein. The proposed proteolytic domain was of some 180 aa with a catalytic triad, conserved in all sequences, of His-Asp-Ser (Bazan & Fletterick, 1989 Gorbalenya et al., 1989 a, b) . A serine residue was predicted as the active site nucleophile in accordance with previous inhibitor studies showing inhibition of polyprotein processing by N%-tosylphenylalanine chloromethyl ketone (TPCK ; Cleaves, 1985) . The alignment shown in Fig. 2 uses the N termini of NS3 experimentally determined for the flavi-and hepatitis C viruses. The N termini of the pestivirus sequences were chosen to maximize the alignment, the C termini of all sequences being arbitrary. The NS3 pro phylogenetic tree shown in Fig. 3 shows the same pattern of relatedness as was found for a region of the helicase domain of NS3 (Ohba et al., 1996) .
The predictions of biochemical properties based on alignments were tested by analysis of the endogenous proteolytic properties of proteins derived from subgenomic cDNA clones encoding NS2A, NS2B and NS3 sequences derived from yellow fever (Chambers et al., 1990 b) , dengue type 2 (Preugschat et al., 1990) or West Nile viruses . These studies showed that the proteinase domain was, indeed, located within the N-terminal " 180 residues of NS3 (referred to here as NS3 pro ) and was responsible for cleavage at the NS2A\2B and NS2B\NS3 sites in an apparent intramolecular fashion. Site-directed mutagenesis experiments confirmed the importance of those residues predicted to form the catalytic triad : His&", Asp(& and Ser"$& (Japanese encephalitis virus numbering scheme in Fig. 2 ; Chambers et al., 1990 b ; Pugachev et al., 1993) .
Analyses of hepatitis C and GB virus NS3 sequences showed a close relationship with flavi-and pestivirus NS3 sequences (Figs 2 and 3) . Those residues identified previously as forming the catalytic triad of the flavivirus NS3 proteinase domain were conserved in alignments with hepatitis C and GB virus NS3 sequences -the strong inference being that the Nterminal domain of NS3 of these viruses would also possess proteolytic activity (Miller & Purcell, 1990 ; Choo et al., 1991 ; see Fig. 2) . Experimental evidence proved this to be the case for both hepatitis C and GB viruses (Bartenschlager et al., 1993 ; Eckart et al., 1993 ; Grakoui et al., 1993 a, b ; Hijikata et al., 1993 a ; Tomei et al., 1993 ; Manabe et al., 1994 ; Han et al., 1995 ; Scarselli et al., 1997) .
The remainder of the NS3 protein contains characteristic NTPase and helicase motifs (Koonin & Dolja, 1993) and both biochemical activities have been demonstrated Suzich et al., 1993 ; D'Souza et al., 1995 ; Warrerner & Collet, 1995 ; Kim et al., 1997) .
(ii) Activation/stimulation of NS3 pro Following the identification of the NS3 proteolytic activity, polyprotein processing studies showed that flavivirus NS3 pro required NS2B protein, which could be supplied either in cis or in trans, for activity (Chambers et al., 1991 ; Falgout et al., 1991 Falgout et al., , 1993 Cahour et al., 1992 ; Arias et al., 1993) . The region of the NS2B protein required for NS3 pro activity was mapped to a 40 aa tract located 77-37 aa upstream of the NS3 N terminus (Falgout et al., 1993) . The NS2B protein shows low conservation amongst the flaviviruses and only 3 aa are completely conserved in this hydrophilic 40 aa region of NS2B. The association of NS2B and NS3, demonstrated by co-immunoprecipitation experiments, is mediated by this hydrophilic region (pers. comms cited in Falgout et al., 1993) .
An early indication that pestiviruses were not directly analogous to flaviviruses in this respect was provided by an analysis of bovine viral diarrhoea virus (BVDV) polyprotein processing (Wiskerchen & Collett, 1991) . Processing at the NS5A\5B site (site ' 10 ') showed a requirement for another ' co-factor ' protein (NS4A\p10). Similarly, later studies on the processing of hepatitis C virus polyprotein showed an intriguing difference with that of the flaviviruses. Rather than a requirement of (upstream) NS2B sequences for proteolytic activity, the hepatitis C virus NS3 pro activity was enhanced by (downstream) NS4A sequences (Bartenschlager et al., 1994 (Bartenschlager et al., , 1995 Failla et al., 1994 Failla et al., , 1995 Hahm et al., 1995 ; Lin & Rice, 1995 ; Lin et al., 1995 ; Overton et al., 1995 ; Satoh et al., 1995 ; Fig. 2 . Sequence alignment of flavi-, pesti-, hepatitis C and G virus NS3 proteolytic domains. Sequences of NS3 proteolytic domains listed below were aligned using CLUSTALW (Higgins et al., 1991) . Active site residues are indicated by asterisks. Hepatitis C virus NS3 residues involved in binding zinc are indicated by arrows and residues involved in substrate binding are indicated by filled circles. Only a few NS3 sequences are shown here, a representative sequence being selected from the alignment for each major group of sequences (see Fig. 3 ). The N termini of the sequences are authentic cleavage sites (flaviand hepatitis C viruses) or arbitrary positions determined by alignment (pesti-, hepatitis G viruses). All C termini are arbitrary, but reflect an appropriate region where the alignment is maintained across all the groups of viruses before the similarity drops too low. Sequences used in the analyses : dengue virus (type 1 - Fu et al., 1992 ; type 2 -Hahn et al., 1988 ; type 3 -Osatomi & Sumiyoshi, 1990 ; type 4 -Mackow et al., 1987) ; Japanese encephalitis virus (Sumiyoshi et al., 1987) ; Kunjin virus (Coia et al., 1988) ; Murray Valley encephalitis virus (MVEV -Dalgarno et al., 1986) ; tick-borne encephalitis virus (TBEV -Pletnev et al., 1990) ; West Nile virus (WNV Castle et al., 1986) ; yellow fever virus (YVF - Rice et al., 1985) ; hepatitis G virus (strain GB-A, B - Simons et al., 1995 ; C -Leary et al., 1995) ; hepatitis C virus (HCV strain 1a -Choo et al., 1991 ; 1b -Kato et al., 1990 ; 1c -Okamoto et al., 1994 ; 2a -Okamoto et al., 1991 ; 2b -Okamoto et al., 1992 ; 2c -Nakao et al., 1996 ; 3a -Sakamoto et al., 1994 ; 3b -Chayama et al., 1994 ; 4a -Chamberlain et al., 1997 a ; 5a -Chamberlain et al., 1997 b ; 6a -Adams et al., 1997) ; bovine viral diarrhoea virus (BVDV strain Osloss - Renard et al., 1987 ; De Moerlooze et al., 1993 ; NADL -Collet et al., 1988 b ; SD1 -Deng & Brock, 1992 ; NCP7 -Meyers et al., 1996 ; ILLC -Roath & Berry, unpublished ; IIRidpath & Bolin, 1995) ; classical swine fever virus (CSFV strain Alfort -Meyers et al., 1989 ; Brescia -Moorman et al., 1990 . Sequence similarities between NS3 proteolytic domains of the Flaviviridae. The sequence alignment described in the legend to Fig. 2 was analysed using PROTDIST and NEIGHBOUR to determine relationships. The results of the alignment of all sequences used were plotted using DRAWTREE (Felsenstein, 1991) . Branch lengths are proportional to relatedness. Tanji et al., 1995 ; Koch et al., 1996 ; Shimizu et al., 1996 ; Tomei et al., 1996) . This cofactor activity has been mapped to a short oligopeptide sequence within the centre of NS4A (Butkiewicz et al., 1996) .
The use of assay systems in vitro (see below) has allowed the characterization of this NS4A stimulatory effect. The presence of an NS4A peptide stimulated NS3 pro activity by up to 100-fold -increasing the k cat rather than the K m of the enzyme Steinkuhler et al., 1996 b ; Landro et al., 1997) . In the latter study, Landro et al. observed that the pH dependence of NS3 pro was not affected by the NS4A peptide -suggesting that NS4A does not alter the pK a values of catalytic residues. Steady-state kinetic measurements indicated that the binding of the peptides was ordered during the catalytic cycle : activating NS4A peptide binds first, then substrate. Recent work has strongly implicated pestivirus NS4A as the region of the polyprotein responsible for activation of NS3 pro -similar to that observed in the case of hepatitis C viruses (Xu et al., 1997) .
The adenovirus 23K proteinase is also stimulated by a peptide cofactor -in this case an 11 aa peptide derived from the C terminus of protein pVI (Webster et al., 1993) . The k cat of the enzyme is increased some 350-fold when incubated with an equimolar concentration of cofactor peptide (Mangel et al., 1996) . The crystal structure of the adenovirus 23K proteinase shows, however, that the peptide cofactor is bound at the surface, some distance from the active site (Ding et al., 1996) -quite unlike the hepatitis C virus NS3 pro \NS4A structure (described below).
(iii) Analysis of NS3 pro activity
Analyses of the proteolytic activity of NS3 pro were simplified by the (relative) ease of the expression and purification of active enzyme using a wide range of heterologous systems : Escherichia coli (Tomei et al., 1993 ; Komoda et al., 1994 ; D'Souza et al., 1995 ; Kakiuchi et al., 1995 ; Kim et al., 1996 ; Love et al., 1996 ; Shimizu et al., 1996 ; Steinkuhler et al., 1996 b ; Sudo et al., 1996 ; Landro et al., 1997) , yeast (Song et al., 1996 ; Markland et al., 1997) , recombinant baculovirus-infected insect cells (Overton et al., 1995 ; Suzuki et al., 1995 ; Zhang et al., 1997) , transient expression in mammalian cells (Bartenschlager et al., 1993 (Bartenschlager et al., , 1994 Eckart et al., 1993 ; Bouffard et al., 1995 ; Failla et al., 1995 ; Lin et al., 1995 ; Reed et al., 1995 ; Morgenstern et al., 1997 ; Muramatsu et al., 1997) and translation systems in vitro (Han et al., 1995 ; Hahm et al., 1995 ; Lin & Rice, 1995 ; Butkiewicz et al., 1996 ; Pieroni et al., 1997) . NS3 pro expressed in such systems has been analysed using both polyprotein and peptidic substrates for the characterization of substrate specificities and to screen proteinase inhibitors.
Using NS3 pro expressed and purified from yeast together with hepatitis C virus protein substrates derived from transcription\translation of subgenomic cDNA clones in vitro Markland et al. (1997) identified a previously unreported cleavage site in the NS5A region (Thr#"(# H Ser#"($), the cleavage occurring in the presence or absence of the NS4A activating peptide. Studies on the cleavage of synthetic peptide substrates have yielded much data on substrate specificities, kinetic parameters and inhibition (discussed in Clarke, 1997).
The sensitivity of such in vitro analyses has been increased 100-fold by the substitution of the scissile peptide bond by an ester linkage . Analyses of the efficiency of cleavage (k cat \K m ) of synthetic peptides corresponding to polyprotein sites cleaved in trans showed that sites were processed with quite different kinetics. Peptides corresponding to the NS4A\NS4B, 4B\5A and 5A\5B sites were cleaved by NS3 pro (activated by NS4A) at 92, 1130 and 8300 M −" s −" , respectively (Zhang et al., 1997) , and at 1600, 110 and 20 000 M −" s −" , respectively, by Landro et al. (1997) although the peptidic substrates used in the two studies were by no means identical.
The expression and purification of NS3-NS4A from COS-7 cells permitted a comparison of the activity between NS3-4A and the proteolytic domain (NS3 pro ) expressed separately (Morgenstern et al., 1997) . Using NS4B-NS5A as a substrate the NS4B\NS5A cleavage was observed together with the cleavage between Thr#"(# and Ser#"($ reported by Markland et al. (1997) . Intriguingly, the NS3-4A complex showed stimulation of its proteolytic, nucleoside triphosphatase and helicase activities by the addition of polynucleotides. The proteolytic activity was increased up to " 5-fold by the addition of poly(U), which could be abolished by the addition of salt (NaCl ; 300 mM). This effect was not observed with the NS3 pro domain either alone, nor with an NS4A activating peptide. The authors pointed out that although the mechanism of this stimulation is not clear, and may have a trivial explanation, the maximal stimulation of proteolytic activity [achieved with poly(U)] was paralleled by the polynucleotide binding specificity of the helicase domain. An alternative approach to heterologous expression\purification of NS3 pro has been the construction of ' surrogate ' or chimeric viruses in which hepatitis virus NS3-4A sequences were inserted into picornavirus or alphavirus genomes in such a manner that viability of the rescued viruses depends upon NS3 pro activity Filocamo et al., 1997) . In both cases NS3 pro sequences, together with an appropriate cleavage site, preceded the long open reading frame of the ' host ' genomes. The effect of drugs may, therefore, be evaluated by the growth of these surrogate viruses. A ' genetic ' screen for proteinase inhibitors has been developed in which the lexA DNA-binding domain is linked to the gal4 transcriptional domain via an NS3 pro cleavage site (Song et al., 1996) .
(iv) The NS2-3 proteinase
Analyses of the polyprotein processing activities of sitedirected mutants of hepatitis C virus NS3 pro showed that mutation of Ser"$*, whilst abolishing proteolysis at known NS3 cleavage sites, did not affect cleavage of the NS2B\NS3 site. Deletion analyses showed this proteolytic activity to be a property of NS2 in combination with NS3 pro (NS2-3 ; Grakoui et al., 1993 b ; Hijikata et al., 1993 a) . This NS2-3 proteinase activity is (weakly) inhibited by EDTA and stimulated by zinc (Grakoui et al., 1993 b ; Hijikata et al., 1993 b ; Reed et al., 1995 ; Kim et al., 1996 ; Love et al., 1996) . Cleavage at the NS2\3 site of hepatitis C virus polyprotein was shown to be stimulated by the addition of microsomal membranes and resulted in the ultimate insertion of NS2 into the membranes (Pieroni et al., 1997) . The NS2\3 cleavage was also stimulated by detergents, could be inhibited by alkylating agents or metal chelators (the latter inhibition could be reversed to some extent by the addition of ZnCl # ) and was sensitive to the redox state of the reaction mixture. A detailed discussion of this unusual cleavage can be found in Clarke (1997) . Such experimental data are not available for hepatitis G virus NS3 but examination of a sequence alignment of the NS3 pro regions of flavi-, pesti-, hepatitis C and G viruses (Fig. 2) shows that the histidine and three cysteines residues involved in zinc binding (see below) are conserved in both hepatitis C and G viruses, but not in flavi-or pestiviruses (Fig. 2) .
(v) Pestivirus NS2/NS3 cleavage
Pestiviruses may exist in two forms or ' biotypes ' : cytopathogenic (CP) or non-cytopathogenic (non-CP). More specifically, viruses of one biotype derived from the other are regarded as ' virus pairs '. The mechanisms whereby viruses interconvert between biotypes is discussed in Becher et al. (1996) and Meyers & Thiel (1996) -further discussion on the consequences for polyprotein processing can be found in Xu et al. (1997) . Briefly, insertion of cellular sequences (notably ubiquitin) into the NS2\NS3 (p125) region of the polyprotein, duplication of viral sequences into, or deletions from, this same region result in a CP biotype with altered polyprotein processing -in the case of ubiquitin insertions by creating a cleavage site for the cellular enzyme ubiquitin carboxyterminal hydrolase (Meyers et al., 1991) . In this type of processing NS3 (p80) is generated ; in the case of BVDV the presence of NS3 in infected cells is taken to be diagnostic of a CP biotype. This is not the case for other pestiviruses such as classical swine fever (CSFV) or border disease (BDV) viruses where some NS3 can be detected in non-CP biotype infected cells.
Comparison of a CP and non-CP BVD virus pair (strains NCP7 and CP7, respectively) revealed CP7 to bear a 27 nt insertion (maintaining the single, long ORF) in the N-terminal region of NS2 (Tautz et al., 1997) . Polyprotein processing studies on the NCP7 and CP7 viruses showed the CP biotype to produce the NS3 cleavage product, whereas the NCP7 biotype did not. As in the case of hepatitis C virus, mutation of the BVDV NS3 pro serine nucleophile to alanine did not abrogate BVDV NS2\NS3 cleavage (cytopathic strains CP7 and NADL : Tautz et al., 1997 ; Xu et al., 1997) .
(vi) Atomic structure of the NS3 proteolytic domain
The numbering scheme used here refers to the hepatitis C virus 1a sequence shown in Fig. 2 . A simple illustration is provided to show the relative locations of the features discussed below (Fig. 4) . The atomic co-ordinates of an NS3 pro \NS4A complex have recently been made available on the databases -not for the structure of Kim et al. (1996) nor Love et al. (1996) but from another laboratory working with the BK virus strain (Yan et al., 1998) . The NS3 pro \NS4A atomic co-ordinate (PDB) file 1JXP, together with KINEMAGE and RASMOL files constructed to show the salient features of the NS3 pro \4A structure, are available at the FTP site given in the Introduction.
The overall architecture of the hepatitis C virus NS3 pro is that of two six-stranded β-barrels characteristic of the chymotrypsin-like fold (Kim et al., 1996 ; Love et al., 1996 ; Yan et pro is shown (using atomic co-ordinates in PDB file 1JXP) together with the synthetic peptide corresponding to NS4A, the sidechains of the catalytic site residues, residues involved in binding zinc and the relative positions of the N terminus of NS3 pro and the zinc atom.
al., 1998). The availability of three structures, two solved in the presence of the activating NS4A peptide, one without, will permit some detailed comparisons -when all sets of atomic co-ordinates are available. The structure solved by Kim et al. was NS3 pro complexed with a synthetic oligopeptide, corresponding to residues Gly#"-Pro$* of the NS4A peptide, whilst the structure of Yan et al. was solved with a peptide corresponding to NS4A residues Gly#"-Arg$%. In each case the peptide shows an interaction with the extended N-terminal region and with the core of the enzyme. The interactions between NS3 pro and the (longer) NS4 peptide described in Kim et al. involve all but 2 out of 19 NS4A residue main-chain carbonyl or amide groups in hydrogen bonding. In addition interactions between NS4A hydrophobic side-chains and NS3 pockets constitute the hydrophobic core of the N-terminal region. The mutation of these buried residues proved to have the greatest affect on the ability of the NS4A peptide to activate the proteolytic activity. Deletions of NS3 pro Nterminal residues have shown that this region is important in NS3 : NS4A interactions. The N-terminal 20 residues of NS4A are predicted to form a membrane-spanning helix and it has been postulated that this region serves either to anchor or target NS3, possibly as part of a larger replication complex, to membranes. In the structures of Kim et al. and Yan et al. the catalytic residues adopt the canonical catalytic triad steric pattern : the carboxyl group of Asp)" and the hydroxyl of Ser"$* oriented towards the imidazole ring of His&(. In the case of the structure of Love et al., solved in the absence of the activating NS4A sequences, the side-chain of Asp)" is oriented away from His&( and forms an ion-pair with Arg"&&. Alignments show that Arg"&& is conserved amongst hepatitis C virus NS3 sequences and that there is a conserved lysine in pestivirus sequences, but no corresponding conserved basic residue in flavi-or hepatitis G virus sequences (Fig. 2) . The orientation of the aspartate side-chain (away from the catalytic histidine imidazol ring) has been observed in the picornavirus hepatitis A 3C proteinase structure (Allaire et al., 1994 ; discussed in Ryan & Flint, 1997) , although since the active site nucleophile was a cysteine in this case it was proposed that the proteolytic mechanism involved a catalytic dyad rather than a triad. Since the activation of NS3 by NS4A occurs in trans, active vs inactive enzyme is not a function of alternative protein folding pathways but a structural modification of NS3 by NS4A. It is not clear how such an interaction could result in activation of the enzyme by reorientation of the side-chain of Asp)" towards His&(. The oxyanion hole (a series of pre-aligned dipoles interacting with the peptide bond carbonyl oxygen and thought to promote the formation of the tetrahedral transition state) is formed by the main-chain amides of Gly"$( and Ser"$*. Modelling of substrate in the binding pocket indicated favourable interactions of the P1 residue (Thr or Cys) hydroxyl or sulphydryl groups with the delocalized electron cloud of the aromatic ring of Phe"&% located at the bottom of the P1 binding pocket (Pizzi et al., 1994 ; Kim et al., 1996 ; Love et al., 1996 ; Yan et al., 1998) . Hepatitis C virus NS3 pro residues Leu"$&, Ala"&(, Arg"'" and Lys"'& (see Fig. 2 ) are thought to contribute to the binding of P2-P6 via interactions with substrate mainchain groups (with an apparent lack of interaction with sidechains) -a more extended β-interaction than is observed in most other proteinase structures.
NS3 pro binds zinc through a tetrahedral interaction with Cys*(, Cys**, Cys"%& and a water molecule within hydrogenbonding distance of His"%* (Kim et al., 1996 ; Love et al., 1996 ; Yan et al., 1998 ; see Figs 2 and 4) . These residues are located in the turns of loop F1-A2, joining the domains, and the loop joining D2-E2. Since the zinc atom is some 20 A H from the active site it was assumed that the metal ion does not play an active role in (serine proteinase) catalysis, rather a structural one (see below).
(vii) Polyprotein cleavage sites
Understanding of polyprotein processing is more advanced for the flaviviruses than for other members of the Flaviviridae. A complex picture has emerged with a combination of hostcell-and virus-encoded proteinases processing at sites in both the structural and non-structural domains of the polyprotein (Fig. 1 ). Ala mutated in is shown (arrow) and the putative active site nucleophiles predicted in Stark et al. (1993) 
(asterisks).
(a) Flaviviruses. Experiments on a number of different flaviviruses showed that the cleavages between the C\prM, prM\E, E\NS1, NS1\NS2A and NS4A-B proteins are mediated by host-cell proteinases (Biedrzycka et al., 1987 ; Nowak et al., 1989 ; Ruiz-Linares et al., 1989 ; Speight et al., 1988 ; Markoff, 1989 ; Wright et al., 1989 ; Lin et al., 1993 ; Lobigs, 1993 ; Yamshchikov & Compans, 1994 Falgout & Markoff, 1995) . Sites of other processing events (identified by N-terminal sequencing of virus proteins) occurred at motifs commonly consisting of dibasic amino acid pairs at P1 and P2 followed by a small, non-branched amino acid at P1h (Rice et al., 1986 ; Biedrzycka et al., 1987 ; Speight et al., 1988 ; Chambers et al., 1989) . These sites proved to be conserved amongst the flavivirus sequences then becoming available (Rice et al., 1985 ; Castle et al., 1986 ; Sumiyoshi et al., 1987 ; Coia et al., 1988 ; Hahn et al., 1988 ; Pletnev et al., 1990) . Recently, it has been shown that a cleavage within the final helicase motif in the Cterminal region of dengue virus type 2 NS3 (Fig. 1) is mediated by the NS2B\3 proteinase (mol. mass 69 kDa ; see below) producing the cleavage products NS3h (50 kDa) and NS3d (19 kDa ; Teo & Wright, 1997) , although the role of this cleavage in virus replication is not known.
(b) Pestiviruses. Recently, the non-structural protein cleavage sites 3\4A, 4A\4B, 4B\5A and 5A\5B have been determined by N-terminal sequencing of processing products and, in addition, shown to be cleaved by the NS3 pro serine-type proteinase activity (Tautz et al., 1997 ; Xu et al., 1997) . The consensus cleavage site specificities were determined as leucine at P1 and either serine, alanine or asparagine at P1h.
(c) Hepatitis C virus. The cleavage site specificities have been discussed elsewhere (Mills, 1996 ; Clarke, 1997) . In summary, the substrate binding specificities of NS3 pro are : (i) an acidic residue at P6, (ii) cysteine at P1 (cleavage in trans), (iii) threonine at P1 (cleavage in cis at the NS3\NS4A site) and (iv) serine or alanine at P1h. The unusual NS2\NS3 cleavage event described above has been reviewed recently (Clarke, 1997) .
(d) Hepatitis G virus. The putative NS3 proteinase domain of hepatitis GB virus B has been expressed and its activity tested with hepatitis C virus substrates (Scarselli et al., 1997) . The proteinase was able to cleave at the hepatitis C virus NS4A\NS4B, NS4B\NS5A and NS5A\NS5B sites but was not activated by a peptide (corresponding to residues 21-34 of hepatitis C virus NS4A) shown to activate hepatitis C virus NS3 pro . By alignment with hepatitis C virus cleavage sites the hepatitis GB virus B NS3 pro appears to have a specificity (trans cleavage) similar to hepatitis C virus NS3 pro -cysteine at P1 and alanine, glycine or serine at P1h.
Pestivirus N-terminal proteinase
Expression of subgenomic cDNA clones derived from the N-terminal region of the BVDV polyprotein showed a 20 kDa product produced by autocatalytic cleavage of the N-terminal proteinase (N pro ; Muyldermans et al., 1997) . Analysis of sequence alignments suggested that other viruses had proteins located at the N terminus of their polyproteins with similarities to papain-related cysteine-type proteinases (Gorbalenya et al., 1991) . This has been shown to be the case for a number of viruses within the picornavirus super-group (reviewed by Ryan & Flint, 1997) . Interestingly, one type of insertion into the NS2\NS3 (p125) region of the polyprotein involves a duplication of a proteolytically active N pro (Meyers et al., 1992) . The N terminus of NS3 is generated in this case by the autocatalytic N pro C-terminal cleavage activity -producing a cytopathogenic virus. Characterization of the pestivirus N pro is incomplete although analysis of polyprotein processing of the N pro duplication form indicates the C-terminal cleavage site as shown in Fig. 5 (Stark et al., 1993) . Identification of the active site residues by site-directed mutagenesis is incomplete but alignments suggest N pro to be a thiol-type proteinase with Cys'* and His"$! to be good candidates for active site residues (Stark et al., 1993 ; Fig. 5) .
The role of such N-terminal proteinases could be either to generate an N terminus (of the adjacent translation product) that is more suitable for a specific post-translational modification, to cleave (in trans) at other sites within the polyprotein or to cleave a cellular protein(s), as is the case for foot-andmouth disease virus L pro (Devaney et al., 1988) .
Concluding remarks
The N-terminal proteolytic domain of the NS3 protein of viruses within the Flaviviridae is a remarkably versatile enzyme -in the sense that it appears to be able to be regulated by a quite a variety of oligopeptide sequences. Positive regulation (activation) is observed by its interaction with NS2B (flaviviruses), or NS4A (pesti-and hepatitis C viruses). It is reasonable to assume that the same type of intimate molecular association observed between hepatitis C virus NS3 pro and NS4A is also present in pesti-and hepatitis GB viruses. The residues involved in the binding of zinc by hepatitis C virus NS3 pro are conserved in all hepatitis viruses, but not flavi-or pestiviruses (Fig. 2) . Although there is no suggestion that the zinc atom in the atomic structure plays a role in the serine proteinase activity of NS3 pro , it is interesting to note that zinc, when found as a structural component of proteins, is bound by four cysteine residues whereas zinc in proteins playing a catalytic role is bound by three residues and an activated water molecule -as is thought to be case for hepatitis C virus NS3 pro . This may suggest that NS2-3 protein of the hepatitis viruses is a metallo-proteinase cleaving at the NS2\NS3 site.
The α-carbon of Ile$ (the first residue for which electron density is observed in the structure of Yan et al., 1998) is some 13 A H from the zinc atom. We have modelled the presence of the two N-terminal residues (Ala-Pro) onto this structure. Although the loop joining sheets D2 and E2 lies between the N terminus of NS3 and the zinc atom (Fig. 4) the A ! β-strand (lying on the surface of the molecule) can be re-modelled by altering bond angles either side of helix α ! to bring the N terminus into an appropriate sterochemistry for nucleophilic attack by the zinc atom. It is noteworthy that the activating NS4A peptide is not required for the NS2\NS3 cleavage and that ' removing ' this feature from the structure allows the A ! strand greater freedom in this respect.
The NS3 cleavage product of this hypothetical metalloproteinase activity would, itself, possess serine proteinase activity. In a sense this would be the molecular antithesis of an enzyme such as wheat serine carboxypeptidase II in which the active site nucleophiles are present on two chains (chain aSer"%' ; chain b -Asp$$) and His$*() in a metallo-proteinasetype fold (Liao & Remington, 1990 ). In the case of the hepatitis C virus NS2-3 protein the putative metallo-proteinase would (at least in part) be composed of a serine proteinase-type fold.
The model outlined above is, in many ways, an attractive one and consistent with the lack of conservation of the zincbinding residues in the pestiviruses. The NS2\3 protein of BVDV (the argument would run) does not possess metalloproteinase activity and requires the insertion of cellular sequences such that a cleavage in this region of the polyprotein is brought about by a cellular enzyme, or by the insertion of a cis-acting virus proteinase (N pro ). The ' acquisition ' of a CP biotype and NS2\NS3 polyprotein cleavage by the insertion of just 9 aa in the NS2 region (Tautz et al., 1997) obviously requires further work to determine if this event has conferred some form of cellular proteinase cleavage site. All appears well until one considers how the other pestiviruses, CSFV or BDV, process their polyproteins to produce NS3? The atomic structures of hepatitis C virus NS2-3 protein and the 40 aa tract of the NS2B\NS3 pro complex of flaviviruses are eagerly awaited!
